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1. INTRODUCTION 26 
According to experimental observations by various authors who have studied the fabric 27 
of compacted expansive clays, the pore-size distribution function of these materials 28 
generally displays a distinct bimodal character (see Delage et al., 1996, Romero et al., 29 
1999, Lloret et al., 2003, Delage et al., 2006, Romero et al. 2011 and references 30 
therein). As established by Gens and Alonso (1992), Alonso et al. (1999), Sánchez et al. 31 
(2005), Musso et al. (2013) and Guimarães et al. (2013), among others, it is advisable to 32 
use double porosity models when simulating the thermo-hydro-chemo-mechanical 33 
behaviour of these materials. In these works, two structural levels are considered: the 34 
macrostructural level, which is composed of global arrangements of clay aggregates 35 
with pores between them (Sánchez et al., 2005), and the microstructural level, which 36 
corresponds to the intra-aggregate porosity. Gerke and van Genuchten (1993a, b) 37 
proposed a similar model to analyse the flow of water and solutes in a structured soil. 38 
In principle, the water located within the pores between aggregates (macrostructural 39 
water) might have a chemical potential that differs from that of the water stored inside 40 
the aggregates (microstructural water). In such a case, a diffusion-type process of mass 41 
exchange (Guimarães et al., 2013) will occur that might not be instantaneous and could 42 
play an important role in the time-dependent deformation of soils (see Wilson and 43 
Aifantis, 1982; Ghafouri and Lewis, 1996; Alonso et al., 1991; Gens et al. 2011). These 44 
transient processes also occur when water retention curves (WRCs) are characterised 45 
(Dueck, 2008). However, the water content is usually measured after the transient 46 
processes are finished and equilibrium in suction is reached (Delage, 2002).  47 
Still, even under equilibrium conditions, it is advisable to differentiate between the 48 
microstructural and macrostructural water content when simulating bentonite behaviour 49 




































































macrostructural void ratio and degree of saturation. The macrostructural void ratio 51 
constrains the macrostructural intrinsic permeability, and the macrostructural degree of 52 
saturation is required to obtain the macrostructural relative permeability. Relative and 53 
intrinsic permeabilities define the macrostructural advective flow, which is instrumental 54 
for correctly formulating the water mass balance. Thus, it is worthwhile to define 55 
differentiated hydraulic models of the microstructural and macrostructural water 56 
content. 57 
The following sections discuss a procedure to obtain these models from WRCs. First, 58 
experimental data obtained for high suction values (greater than 20 MPa) are used to 59 
model the microstructural water content and void ratio. Second, this microstructural 60 
model is extrapolated for suctions of less than 20 MPa to differentiate the 61 
microstructural and macrostructural water content. The results obtained in this manner 62 
are used to define the macrostructural water content model. Finally, the parameters 63 
deduced from the application of the model to the WRCs results were used to simulate an 64 
isotropic swelling test illustrating the scope and limitations of the proposed models. 65 
 66 
2. MATERIALS, METHODS AND EXPERIMENTAL DATA 67 
The WRCs of different batches of MX-80 bentonite were analysed in this work. First, a 68 
Volclay MX-80 material whose physical properties correspond to those obtained by 69 
Kumpulainen and Kiviranta (2010) (see Table 1) was tested in B+Tech’s laboratory. 70 
The isothermal (25º C) paths in compacted samples under constant volume shown in 71 
Table 2 were used to determine the WRCs in an adapted oedometric cell. The vapour 72 
equilibrium technique was used to control suction during the tests. In this technique, 73 




































































imposition of a total suction (s) because both magnitudes are related by the equation 75 









  77 
where R is the universal gas constant, T is the absolute temperature, w is the water 78 
density and Mw is the molar mass of water. Relative humidity is usually applied by 79 
varying the salinity of an aqueous solution (see, among others, Yahia-Aïssa, 1999; 80 
Dueck, 2004; Delage et al., 2008; Pintado et al., 2009). With this procedure, it is 81 
possible to obtain suction values of up to 1000 MPa (Pintado et al., 2009). 82 
Samples of 35 mm in diameter and approximately 16 mm high with different initial dry 83 
densities (from some 1400 kg/m
3
 to almost 1700 kg/m
3
) and water content values 84 
(between 4.6% and 6.2% hygroscopic water content under laboratory conditions) were 85 
tested (see Table 2). The total suction sf was imposed in only one step by pumping 86 
relative-humidity-controlled air through an upper porous stone. The bottom porous 87 
stone was a no-flow boundary. The sample was assumed to reach a total suction that 88 
was close to the imposed suction when the swelling pressure reading (measured with a 89 
load cell installed on top of the sample) became stable. Moreover, the steady-state 90 
conditions were verified by measuring the RH at the top and bottom of the sample using 91 
a capacitive hygrometer. A special piston and bottom plate were used to secure the 92 
hygrometer probes. After equilibrium was reached, the samples were extracted from the 93 
cell and the water content wf (Table 2) was determined using the ASTM standard test 94 
method D2216-10 (ASTM, 2010). The values of sf were measured using a chilled-95 
mirror dew-point psychrometer (Gee et al., 1992; Leong et al., 2003). The obtained 96 
results are presented in Fig. 1. 97 
In addition, the results from Dueck and Nilsson (2010) plotted in Fig. 2 were also 98 




































































adopted from Karnland et al., 2006). These tests were conducted at 20ºC under free 100 
swelling conditions. In all cases, the vapour equilibrium technique was used to impose 101 
the total suction. Figure 2 also includes results from Wadsö et al. (2004) and Kahr et al. 102 
(1990) that were obtained in tests similar to those conducted by Dueck and Nilsson 103 
(2010). The total suction (s) values shown in Fig. 2 were obtained using Eq. 1. 104 
Finally, with respect to experimental work, an isotropic swelling test was performed in 105 
the laboratory at the University of Castilla-La Mancha. A cylindrical sample of the same 106 
MX-80 bentonite employed in the tests in Fig. 1 was uniaxially compacted. The sample 107 
that had a diameter of 50 mm and an initial height of 25 mm. It had an initial bulk 108 
density of 2.03 g/cm
3
 and an initial water content of 20%. Using these values, and 109 
assuming the grain density of Table 1, the initial dry density d, total void ratio e (total 110 
volume of voids per volume of mineral) and degree of saturation Sr were computed, as 111 
indicated in Table 3. 112 
The test run for 65 days under isothermal conditions (22ºC). The sample was subjected 113 
to a constant cell pressure of 1.1 MPa in a triaxial apparatus with no contact between the 114 
top of the sample and the cell piston. Therefore, the test was performed under spherical 115 
stress conditions. A porous stone in contact with atmospheric conditions was placed on 116 
top of the sample. Free hydration with de-ionised water at atmospheric pressure was 117 
allowed at the bottom of the sample.  118 
An automated system with two pressure/volume controllers was used for the test; one 119 
controller was used for the cell pressure and the other was connected to the bottom of 120 
the sample for the water injection pressure. No local strain transducers were used. The 121 
volume change data from the volume gauge in the cell controller were used to compute 122 
the volumetric strain V. The cell deformation and the lab temperature variation were 123 




































































detrending approach usually used when non-stationary time series are analysed was 125 
applied to filter Vfrom the raw data (Salas et al., 1980). Although uniaxially 126 
compacted samples tend to swell more in the axial direction, as the sample was held 127 
under isotropic conditions, the axial strain Z was assumed to be V /3. The vertical 128 
swelling values plotted in Fig. 3 were derived using this procedure. 129 
 130 
3. MODEL DEVELOPMENT 131 
To separate the microstructural water content values from the total water content values 132 
shown in Figs. 1 and 2, the total soil water content was assumed as the sum of the water 133 
that partially fills the inter-aggregate voids ("macrostructural" water) and the water 134 
stored inside the intra-aggregate porosity ("microstructural" water) (see Alonso et al., 135 
2011; Della Vecchia et al., 2012; and Casini et al., 2012, among others). According to 136 
Or and Tuller (1999) and Tuller and Or (2005), it was accepted that capillary 137 
contributions from the water held in the macropores dominated in the wetter range of 138 
the WRC. In addition, the adsorptive contributions were considered dominant in the 139 
dryer range of the curve, with the soil water content primarily occurring in the 140 
micropores. The results obtained by Or and Tuller (1999) indicate that the capillary 141 
contributions become negligible for a wide range of soil textures for suction values 142 
greater than 10 MPa. Romero et al. (2011) identified the suction corresponding to 143 
empty macropores and fully saturated micropores as 25 MPa for FEBEX bentonite (for 144 
a complete description of this material, see Enresa, 2000). Jacinto et al. (2009) found 145 
that, for MX-80 bentonite, the dry density influences the water retention capacity for 146 
suction less than approximately 30 MPa, which would be the lower limit for a region 147 
dominated by adsorptive storage mechanisms (Romero et al., 2011). In the current 148 




































































fundamentally associated with intra-aggregate water for suction values higher than 20 150 
MPa. 151 
Starting from a notably dry condition, the initial stages of hydration are associated with 152 
crystalline swelling. Several authors have contributed valuable descriptions of this 153 
process (Barshad, 1955; Pusch, 1983; Kahr et al., 1990; Laird, 1996; and Salles et al., 154 
2009), which is characterised in Fig. 4, adapted from Cases et al. (1992). Two possible 155 
functional structures were considered for the description of this behaviour. First, the 156 











w  158 
where wmC is the crystalline microstructural water content in percentage, A is the 159 
modulus of the Hamaker constant (6·10
-20
 J; Tuller and Or, 2005), sm is the 160 
microstructural suction, S is the clay specific surface area (in units of m
2
/kg) and the 161 
microstructural water density wm is expressed in kg/m
3
. Several works have shown that 162 
the density of adsorbed water is greater than that of free water W (see, e.g., the review 163 
in Hueckel, 1992). More recently, Jacinto et al. (2012) analysed the influence of water 164 
density on the water retention properties of expansive clays. According to their work, 165 
the density of adsorbed water in MX-80 bentonite at a suction of 100 MPa is close to 166 
1.17 g/cm
3
. However, if instead of that density, the density of free water (W = 1 g/cm
3
) 167 
is taken in the calculations, the volume of microstructural water could then be 168 
overestimated by 17 %. For this reason, it is advisable to study the sensitivity of the 169 
models to the value of Wm. The evolution of water density with suction proposed by 170 
Jacinto et al. (2012) can be used for this purpose. In such an exercise, it was verified 171 
that the error derived from assuming Wm equals W does not substantially affect the 172 




































































obtained. Therefore, the free and adsorbed water densities were assumed to be equal for 174 
modelling purposes (as in Tournassat and Appelo, 2011). 175 
De-ionised water was used to prepare the samples of the tests in Figs. 1 and 2 (Dueck 176 
and Nilsson, 2010; Pintado et al., 2013), and the samples were subsequently hydrated 177 
by adding pure water from vapour condensation. This fact does not imply that osmotic 178 
suction can be disregarded. The original osmotic suction given by the chemical 179 
composition of the material independently of the salinity of the water added does not 180 
necessarily have to be zero. Although this original value can be reduced when de-181 
ionised water is added, in many of the analysed cases the samples did not reach a high 182 
degree of saturation, and no significant dilution took part. Therefore, the original 183 
osmotic suction remained almost constant. However, in bentonite clays the structural 184 
component (in the sense of Low, 1987) of suction is so high that the osmotic component 185 
can be neglected. Hence, the microstructural suction (given in Pa units in Eq. 2) at 186 
equilibrium with the macrostructural water can be calculated as (Navarro et al., 2013):  187 
[3] Mm sps   188 
where sM is the macrostructural matric suction (sM=PG-PL, where PG is the gas pressure 189 
and PL is the pressure of macrostructural liquid) and p is the net mean stress (p=pTOT-190 
PG, where pTOT is the mean stress). 191 
In addition to the potential law of Tuller and Or (2005), the application of a van 192 
Genuchten (1980) type curve (VG) was also considered to model wmC. This curve was 193 
proposed by Durner (1994) to describe the retention characteristics of soils with 194 
heterogeneous pore systems and was adopted by Gerke and van Genuchten (1993a) for 195 
dual-porosity soils and Della Vecchia et al. (2014) for compacted clays. Similarly, a VG 196 




































































of clay soils by Alonso et al. (2011) and in a study of compacted silts by Casini et al. 198 
(2012).  199 
Cases et al. (1992) indicated that crystalline swelling is practically complete when the 200 
suction reaches approximately 44 MPa (RH of 72% at 20ºC). For lower suctions, the 201 
hydration dynamics change, and the processes known as “osmotic swelling” (or “double 202 
layer swelling”; Laird, 1996) become more relevant. To model the increase in 203 
microstructural water caused by this new wetting trend, the logarithmic law “wmO", 204 
















Bw  206 
where B is a material parameter and smO is the microstructural suction at which osmotic 207 
swelling begins to play a significant role (a value of 40 MPa has been assumed). Thus, 208 
the microstructural water content was calculated as follows: 209 
[5] mOmCm www   210 
If one assumes that the increase in microstructural void space from the dry state is equal 211 
to the increase in microstructural water, then the following relationship holds: 212 
[6] em=GS·wm 213 
where GS=S/W is the specific gravity of the soil particles, S is the density of mineral 214 
particles (see Table 1) and em is the microstructural void ratio (volume of voids in the 215 
microstructure per volume of clay mineral). Therefore, the definition of the 216 
microstructural water content directly implies the definition of a model of 217 
microstructural porosity and vice versa. Eq. 5 can be written as follows in terms of the 218 
microstructural void ratio: 219 




































































The VG model and Eqs. 2 and 4 can also be written using em. In particular, if the latter 221 
equation is written as a function of em, the following equation is obtained for sm less 222 
















e   224 
This expression, where m is a microstructural stiffness parameter, was utilised by 225 
Sánchez et al. (2005), Alonso and Navarro (2005), Alonso et al. (2011) and Gens et al. 226 
(2011) to define the volumetric behaviour of the microstructure. 227 
Once the model for the microstructural water content was defined, it was used to 228 
estimate wm for suctions less than 20 MPa. The obtained values allowed to derive the 229 
macrostructural water content (wM) by subtracting the estimated wm values from the 230 
experimental water content (w) values: wM=w-wm (see Della Vecchia et al., 2012, for 231 
example). The wM values obtained in this manner were used to define a model of the 232 
macrostructural retention law. A VG model was also applied, and s was used as a state 233 
variable. 234 
A double porosity model (Gens and Alonso, 1992; Alonso et al., 1999; Sánchez et al., 235 
2005; Guimarães et al., 2013) was adopted to simulate the swelling test in Fig. 3. In the 236 
simulation, equilibrium between macrostructural and microstructural water was not 237 
assumed: the water potentials in the two structural levels might be different, which leads 238 
to an exchange of water between them (Gens et al., 2011). Therefore, a mass exchange 239 
term cm between the two levels was included when analysing the mass balance of both 240 
micro and macrostructural water. Hence, the macrostructural water mass balance was 241 
formulated as (Navarro et al., 2008): 242 











































































where mM = (W·SrM·eM)/(1+e) is the mass of macrostructural water per unit volume, 244 
SrM is the macrostructural degree of saturation, eM is the macrostructural void ratio, qM 245 
is the macrostructural water seepage, t is the time derivative and · is the divergence 246 
operator. Although other authors have proposed first-order water transfer models (Gerke 247 
and van Genuchten, 1993a, b; Musso et al., 2013), a non-linear formulation was 248 
adopted to define cm (Navarro et al., 2013): 249 



















where the parameter H defines the transfer coefficient at the end of the mass exchange 251 
process (when sm=

sM+p) and parameter C describes the mass transfer change as sm 252 
approaches sM. Consistent with the results obtained by Navarro et al. (2013) after 253 





 and C=0.4 were assumed. 255 










q  257 
where krM is the relative permeability, kiM is the isotropic intrinsic permeability, W is 258 
the dynamic viscosity of water, g is the gravity constant and z is the vertical coordinate. 259 
The Brooks and Corey (1964) and Burdine (1953) formulation with an exponent value 260 
equal to 3 (Börgesson and Hernelind, 1999; Gens et al., 2011) was used to model the 261 
relative permeability as a function of the macrostructural degree of saturation: 262 
[12]  3rMMr Sk   263 
An intrinsic permeability expressed as a function of the macrostructural porosity M 264 
=eM/

(1+e) was adopted (Gens et al., 2011): 265 




































































where b is a material parameter and MO is a reference macrostructural porosity for 267 





, b=9.18 and MO=0.053 were identified. 269 












(1+e) is the mass of microstructural water per unit volume. Similar 272 
to the immobile water of van Genuchten and Wierenga (1976), the microstructural 273 
water was considered linked to the soil skeleton. 274 
The above formulation was implemented in the multiphysics partial differential 275 
equations solver COMSOL Multiphysics (Comsol AB, 2011) to simulate the isotropic 276 
swelling test. The numerical strategies described by Navarro et al. (2014b) were 277 
applied. The solution of Eqs. 9 and 14 allows calculation of the state variables PL and 278 
em. 279 
 280 
4. DETERMINATION OF MODEL PARAMETERS FROM WRCs RESULTS 281 
To analyse the validity of Eq. 2, the product wm·sm
1/3
 is represented in Fig. 5a, as 282 









wmC) were used. As shown, the relationship is not constant. According to Eq. 284 
2 and as highlighted by Cases et al. (1992) and Salles et al. (2009), among others, this 285 
result appears to indicate that the clay specific surface area is not constant throughout 286 
the hydration process. Therefore, the data for sm and wm that were used in Fig. 5a are 287 
compared in Fig. 5b with the model of wm that results from introducing into Eq. 2 the 288 
variation of S obtained by Salles et al. (2009) in their hydration analysis of a Na-289 




































































Indeed, there is no reason to expect that the variation of S from the analysis of Na-291 
montmorillonite in Salles et al. (2009) should exactly reproduce the variations of 292 
specific surface area in the MX-80 bentonite studied in this work. If all of the values of 293 
wm and sm from the tests of Fig. 2 are used, the value of S linked to each wm-sm point 294 
can be found through Eq. 2, obtaining the results in Fig. 5c. The identified law is 295 
different from that obtained by Salles et al. (2009). For suction values less than 40 MPa, 296 
the specific surface area begins to show a greater dispersion, which appears to confirm 297 
that a change in the hydration trend is produced near this value. 298 
If reliable information on the evolution of S is not available beforehand, then application 299 
of Eq. 2 to obtain wmC is not a simple task. Therefore, use of the VG model was 300 
considered because its sigmoidal shape can approximate the characteristic curve shown 301 
in Fig. 4. According to Eq. 6, the VG model was formulated in terms of the 302 
microstructural void ratio as follows: 303 
[15] 












where emCMAX is the microstructural void ratio associated with the crystalline swelling at 305 
saturation, and m and lm are fitting parameters. The relationship nm=1/(1-lm) (van 306 
Genuchten, 1980) was assumed to be valid. Using experimental values from Fig. 2 307 
associated with suctions greater than 40 MPa, values of em (identified with emC) were 308 
derived with Eq. 6, and a least-squares method was applied to obtain the parameters of 309 
Eq. 15 included in Table 4. Using these parameters, the fitting represented in Fig. 6 was 310 
obtained, which satisfactorily reproduces the aimed suction range (sm>40MPa).  311 
As illustrated in Fig. 7, the same is not true when tests 3_10_20 and 5_64_10, also 312 
performed by Dueck and Nilsson (2010) under free swelling conditions using the 313 




































































from the 1_0_20 test because their initial bentonite water content was greater than zero 315 
(10% in 3_10_20 and 64% in 5_64_10). An offset occurrs between the model and the 316 
experimental values as if an “additional” microstructural void ratio (or microstructural 317 
water content) were present, which is not accounted for in Eq. 15. Thus, as observed in 318 
Fig. 4, a residual water content of 1.8% is identified for the Na-montmorillonite 319 
analysed by Cases et al. (1992) under dry conditions. According to Eq. 6, this result 320 
implies a microstructural void ratio emR of 0.048. If this value is introduced into the law 321 
for emC as follows: 322 
[16] 












the fit to the experimental data improves (Fig. 7, “emC+emR(=0.048)” curve). This 324 
improvement is even more noticeable if an identification problem is solved for the value 325 
of emR that provides a better fitting to the experimental data (Fig. 7, “emC+emR_opt” 326 
curve). An “optimal” value for emR of 0.093 was obtained (Table 4). Again, only 327 
experimental data from Fig. 2 associated with suctions greater than 40 MPa were used 328 
to solve the identification problem. 329 
Taking emR =0, the em data from the tests in Fig. 2 were used once again to identify the 330 
optimal value of the microstructural stiffness parameter m. However, in this case, 331 
experimental values corresponding to the range between 20 MPa and 40 MPa were 332 
used, and the satisfactory fit shown in Fig. 8 was obtained for m = 0.04 (Table 4). 333 
However, the quality of this fit has a limited scope because it is a consequence of the 334 
solution to several parameter identification problems. 335 
Conversely, the fit presented in Fig. 9 is more remarkable. In this figure, the model of 336 
em obtained from the parameters presented in Table 4 is compared with the experimental 337 




































































independent of the experimental results of Fig. 1. For this reason, the obtained fit is 339 
especially valuable and supports the microstructural model defined by the parameters of 340 
Table 4 and Eqs. 7, 8 and 16. Acceptance of this model for both the free swelling tests 341 
in Fig. 2 and the constant volume tests in Fig. 1 implies assumption of a one-to-one 342 
relationship between sm and em independent of the applied macroscopic strain 343 
constraints, as certain authors have observed (see, among others, Villar, 2007; Romero 344 
et al., 2011; Jacinto et al., 2012). 345 
When sm approaches zero, the modelled em moves gradually towards the value of 0.8 346 
(Fig. 9). This value is slightly lower than 0.9, the value identified by Pusch et al., (1990) 347 
and Bourg et al., (2006) for Na-bentonites and also by Romero et al. (2011) for an MX-348 
80 bentonite. Nevertheless, this value is within the range that would result from 349 
assuming that the adsorbed water has an equivalent thickness of two or three water 350 
monolayers (see, among others, Sposito and Prost, 1982, and Cases et al., 1992) in a 351 
situation of destructuration of bentonite aggregates into nearly individual sheets 352 
(Neretnieks et al., 2009). In this case, em can be estimated with the ratio t/tS. If the sheet 353 
thickness tS is given a value of 1 nm, and the thickness of each water layer t is taken as 354 
0.3 nm, the obtained microstructural void ratio values are between 0.6 and 0.9. For this 355 
reason, it was admitted as a working hypothesis that the extrapolation of the model of 356 
em defined by Eqs. 7, 8 and 16 and the parameters in Table 4 is valid for estimation of 357 
em for suctions less than 20 MPa. 358 
After estimating em, wm was computed, and the macrostructural water content wM was 359 
derived by subtracting wm from the total water content experimental values. In addition, 360 
using the values of the final dry density d shown in Table 2, the values of the total void 361 
ratio e were obtained, and using the estimated value of em, the value of the 362 




































































mineral, e=eM+em) was deducted. In this manner, the wetting experimental values of 364 
the macrostructural degree of saturation SrM presented in Fig. 10 (“SrM test data”) were 365 
calculated. The same figure shows the values of the “total” degree of saturation Sr, 366 
which were obtained from w and d by assigning a unique characteristic curve to the 367 
soil without differentiating between the macrostructural and microstructural water. As 368 
expected, if there is no distinction between wM and wm, the Sr values are greater than 369 
SrM. The experimental results of Villar (2007) on the main wetting path are also 370 
included in Fig. 10 for comparison purposes. 371 
























































r 1  374 
where PM is the macrostructural air-entry pressure value. Parameters PM, lM, P and l 375 
were identified using a least-squares fitting procedure and the values indicated in Table 376 
5 were obtained. The relationships nM=1/(1lM) and n=1/(1l) (van Genuchten, 1980) 377 
were assumed. The air-entry pressure values associated with SrM were found to be 378 
approximately 9 MPa, a value considerably closer to those indicated for the 379 
macrostructure by other researchers, e.g., 0.5 MPa by Villar (2002) and 4.15 MPa by 380 
Alonso et al. (2011), than the values of 24-26 MPa identified for the parameter P of Sr 381 
(Table 5). 382 
 383 




































































Given the relevance of the water flow in a swelling test, the analysis of a test of this 385 
type is a good method for illustrating the sensitivity of a water flow model to the use of 386 
differentiated definitions of water content. Nonetheless, the results of such an exercise 387 
depend not only on the adopted flux model but also on the stress-strain relationship 388 
applied. This influence is reduced by analysing an isotropic swelling test under constant 389 
mean stress, as that described in Section 2 (Fig. 3). In this case, after adopting the model 390 
for em defined by Eqs. 7, 8 and 16 and the parameters shown in Table 4, the deformation 391 
behaviour of the MX-80 in this type of isotropic test is determined by the model 392 
selected to define eM. In this work, the same formulation as in the Barcelona Basic 393 
Model (Alonso et al., 1990), which is widely accepted for the simulation of the 394 
mechanical behaviour of bentonites (see, for instance, Lloret et al., 2003; Sánchez, et 395 
al., 2005; Gens et al., 2011; Guimarães et al., 2013; Navarro et al., 2014a), was used for 396 
modelling. The mechanical parameters of Table 6 were applied. With the exception of 397 
the initial net mean yield stress pO
*
, these parameters were obtained by fitting 398 
independent oedometric swelling tests performed by Sane et al. (2013) using the same 399 
MX-80 bentonite as that of the tests in Fig. 1. The value of pO
*
, 1800 kPa, was 400 
estimated from the pressure applied during the uniaxial compaction of the sample, 8059 401 
kPa, using the proposal of Alonso et al. (2011). 402 
In the numerical simulations, the gas pressure was assumed constant and equal to the 403 
atmospheric pressure (0.1 MPa) throughout the sample. As done for the microstructural 404 
suction (see Section 3), the osmotic component of the macrostructural suction was not 405 
taken into account, and s=sM was assumed. See Sedighi and Thomas, 2014, and 406 
references therein, for examples in which osmotic suction is taken into account. The 407 
lateral and upper surfaces were supposed to be impervious to water, and the liquid 408 




































































the mechanical boundary conditions, a roller was applied to the sample base surface, 410 
and a normal pressure of 1.1 MPa was applied to the remaining boundaries, assuming 411 
isotropic strains. 412 
Three different approaches were implemented in the partial differential equations solver 413 
defined in Section 3 to analyse the sensitivity of the flow model to the proposed water 414 
content models. In the first approach, which was adopted as a reference (“REF”), sM 415 
was obtained with PL, and SrM was calculated using Eq. 17 and the parameters of Table 416 
5. Moreover, Eqs. 7, 8 and 16 and the parameters of Table 4 allowed determination of 417 
sm from em. In this analysis, the descriptions of the macrostructural and microstructural 418 
water content were considered separately, thus constituting a differentiated analysis. 419 
The modelled vertical swelling values in Fig. 11 and SrM values in Fig. 12a were 420 
obtained. Even if available experimental water content values were desirable for a better 421 
validation of the model, the fit of the vertical swelling values illustrated in Fig. 11 422 
provides confidence for the first approach implemented (“REF”) as well as for the 423 
decision of adopting it as a reference. In addition, this satisfactory fit seems to confirm 424 
the validity of assuming an isotropic swelling behaviour (last paragraph of Section 3). 425 
Montes-Hernandez et al., 2006, describe a 21 MPa compaction pressure as “moderate”, 426 
and thus it seems reasonable to use the same adjective to describe the 8059 kPa applied 427 
in this case, especially if compared to the compaction pressures of 50-100 MPa applied 428 
to MX-80 bentonites in other cases (see, among others, Johannesson and Börgesson, 429 
1998; Johannesson, 2014; Börgesson and Hernelind, 2014). The compaction pressure 430 
applied was probably moderate enough to limit the anisotropy of the sample, not being 431 
large enough to invalidate the isotropic swelling hypothesis. Nevertheless, this 432 




































































The “AP1” approach used the same mechanical model of the microstructure as that used 434 
in REF (Eqs. 7, 8 and 16 together with the parameters of Table 4). However, instead of 435 
using Eq. 17 to compute SrM, its value was calculated from sM using Eq. 18 436 
(“mistakenly” identifying SrM with Sr). Such calculations are performed when the 437 
contribution of the microstructural water content is ignored in the experimental 438 
determination of the soil characteristic curve. As a result, it is implicitly assumed that 439 
the entire soil water content derives from macrostructural water. Using this retention 440 
curve, the macrostructural water content is overestimated. To reduce this effect such 441 
that the water mass can be balanced, suction values greater than the real values are 442 
introduced in the calculations. Hence, using Eq. 17 in REF, a macrostructural initial 443 
suction of 25499 kPa was estimated for the initial conditions shown in Table 3, whereas 444 
the initial suction estimated using the AP1 approach and Eq. 18 was 44303 kPa. 445 
Because the initial suction is overestimated, a much larger final swelling was obtained 446 
(see Fig. 11). To obtain a “correct” swelling (equal to that of REF) from the simulation, 447 
an elastic stiffness for changes in suction (parameter So in Table 6) of 0.01 should be 448 
adopted, which is significantly smaller than the reference value (0.05, Table 6). Such 449 
corrections could lead to important calculation errors in subsequent simulations with 450 
other geometries and boundary/initial conditions. In addition, even in the case under 451 
analysis, and although the final swelling is fitted with So=0.01, the swelling evolution 452 
is not satisfactorily reproduced (Fig. 11). 453 
These errors can be reduced by considering that SrM and Sr are related by the following 454 
expression: 455 
[19] 












































































The third and last approach considered in this work, known as “AP2,” was conducted in 457 
this manner by assuming that only Eq. 18 was determined experimentally. However, a 458 
differentiated procedure was adopted because the contribution of wm in Sr was 459 
considered. The Sr was calculated using sM and Eq. 18, and SrM was subsequently 460 
deduced using Eq. 19. According to the data from Table 3, an initial suction value of 461 
24127 kPa was estimated, which is similar to the value obtained in REF (25499 kPa). 462 
Therefore, the final swelling obtained with AP2 matches the swelling obtained with 463 
REF, which is shown in Fig. 11. Furthermore, the modelled evolutions of the swelling 464 
strains are practically identical and obtain overlapping curves (Fig. 11). 465 
However, differences in the macrostructural degree of saturation are observed (Fig. 466 
12a). In Fig. 12b, these differences are shown to be less than 20% and reach a maximum 467 
value at the base of the sample during the initial portion of the test; when the 468 
macrostructural suction gradients are greater, the advective flux of the macrostructural 469 
water is larger, and the time variation of sM is faster. According to Eq. 3, sm is equal to 470 
p+sM in the equilibrium; then, the sample experiences a situation farthest from the 471 
equilibrium between macrostructural and microstructural water at the base of the sample 472 
and at the beginning of the test, as illustrated in Fig. 13. However, the imbalance is 473 
practically negligible. It is thus valid to use Eq. 18, which was obtained under 474 
equilibrium conditions. 475 









, the value identified by Alonso and Navarro 477 
(2005) in an analysis of the secondary compression of various clays. In this case, the 478 
difference between sm and p+sM increases considerably at the base of the sample at the 479 
beginning of the test. Nonetheless, even in this case, the differences in the swelling 480 





































































6. CONCLUSIONS 483 
The aim of this work is to define a method for obtaining differentiated hydraulic models 484 
of the intra-aggregate (microstructural) and inter-aggregate (macrostructural) water 485 
content of MX-80 bentonite using data from water retention curves (WRCs). An 486 
additive (crystalline+osmotic swelling) approach is adopted to model the 487 
microstructural void ratio (Equation 7), obtaining noteworthy fittings for suctions 488 
greater than 20 MPa. For lower suction values, the additive model is extrapolated to 489 
estimate the microstructural water content. This way, the macrostructural water content 490 
is identified by subtracting the estimated microstructural water from the total water 491 
content experimental data. The WRCs obtained in this manner (Fig. 10) could be 492 
noticeably different from the total water content curves. If this difference is neglected 493 
and the macrostructural water content is modelled using retention curves corresponding 494 
to the total water content, excessively large values are obtained for the macrostructural 495 
suction. Therefore, to fit the swelling strains obtained experimentally, the soil stiffness 496 
for the changes in suction must be excessively reduced, which can lead to significant 497 
errors in the subsequent predictions of the bentonite behaviour. 498 
To avoid these errors, it is advisable to separate the macrostructural water content from 499 
the total water content using Eq. 17. Nevertheless, it is also possible to use Eqs. 18 and 500 
19 to differentiate the macrostructural degree of saturation. Eq. 18 is obtained under 501 
equilibrium conditions between macrostructural and microstructural water. Therefore, 502 
the validity of the latter procedure is constrained by the fulfilment of the equilibrium 503 
condition. For the analysed material, equilibrium is met, and therefore the two 504 
differentiated approaches (separate macro and micro water contents, either using Eq. 17 505 




































































These results are valid for the MX-80 bentonite analysed, but generalisation to other 507 
types of clay is by no means obvious. Note that only wetting paths have been analysed, 508 
and the dependence of the macrostructural water retention properties on the void ratio 509 
has not been considered (see Della Vecchia et al., 2014, and references therein). In 510 
addition, even if the results have shown a reduced sensitivity to the difference in density 511 
between free and adsorbed water in the cases analysed in the current work, the same 512 
might not apply in other cases (particularly for Ca-bentonites and for constant volume 513 
experiments). However, despite these limitations, this analysis illustrates the 514 
advisability of using differentiated approaches based on a double porosity retention 515 
model to characterise the behaviour of MX-80 bentonites. 516 
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APPENDIX A. LIST OF SYMBOLS 525 
A  Modulus of the Hamaker constant 
B Material parameter of the ΔwmO model 
b Material parameter 
C Parameter that describes the mass transfer change as sm 
approaches sM 
cm Mass exchange term between macrostructural and 
microstructural water 
e Total void ratio 
eM Macrostructural void ratio 
em Microstructural void ratio 
emC Microstructural void ratio associated with crystalline swelling 
emCMAX Microstructural void ratio associated with the crystalline 
swelling at saturation 
emR Additional microstructural void ratio 
GS Specific gravity of the soil particles 
g Gravity constant 
H
 
Parameter that defines the transfer coefficient at the end of the 
mass exchange process 
K Increase in cohesion with suction 
kiM Isotropic intrinsic permeability 
kMO Intrinsic permeability when the macrostructural porosity is MO 
krM Relative permeability 
l Fitting parameter of Sr 




































































lm Fitting parameter of emC 
M Slope of the critical state line 
Mw Molar mass of water 
mM Mass of macrostructural water per unit volume 
mm Mass of microstructural water per unit volume 
n Fitting parameter of Sr 
nm Fitting parameter of emC 
P Total air-entry pressure value 
PATM  Atmospheric pressure 
PG  Gas pressure 
PL  Pressure of macrostructural liquid 
PM Macrostructural air-entry pressure value 
p Net mean stress 
pC  Reference stress 
pO
*
 Initial net mean yield stress 
pREF  Material parameter used to define S 
pTOT Mean stress 
qM Macrostructural water seepage 
R Universal gas constant 
RH Relative humidity 
r Material parameter used to define the macrostructural soil 
compressibility 
S  Clay specific surface area 
SmO  Microstructural suction at which osmotic swelling begins to 




































































Sr Total degree of saturation 
SrM Macrostructural degree of saturation 
s Total suction 
sf  Final total suction 
sM  Macrostructural matric suction 
sm  Microstructural suction 
so Initial value of total suction 
T Absolute temperature 
t Approximate thickness of an adsorbed water layer 
ts Approximate thickness of a montmorillonite sheet 
w  Total water content 
wf Water content at equilibrium with the final total suction sf 
wM Macrostructural water content  
wm Microstructural water content  
wmC  Crystalline microstructural water content  
wo Initial value of water content 
z Vertical coordinate 
i  Material parameter used to define  
m  Fitting parameter of emC 
Sp Material parameter used to define S 
SS  Material parameter used to define S 
  Material parameter used to define the macrostructural soil 
compressibility 





































































wmO Increase in microstructural water content caused by osmotic 
swelling 
v Volumetric strain 
z Axial (vertical) strain 
io Material parameter used to define the macrostructural elastic 
stiffness for changes in net mean stress () 
m Microstructural stiffness parameter 
So Material parameter used to define the macrostructural elastic 
stiffness for changes in suction (S) 
(0) Slope of the virgin compression curve for saturated conditions 
W Dynamic viscosity of water 
 Poisson’s ratio 
d  Dry density 
n  Bulk density 
s Density of mineral particles 
W Free water density 
Wm  Microstructural water density 
M Macrostructural porosity  
MO Reference macrostructural porosity  
t Time derivative 
· Divergence operator 
 Gradient operator 
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